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Microscopic corrugations are ubiquitous in graphene even when placed on atomically flat sub-
strates. These result in random local strain fluctuations limiting the carrier mobility of high quality
hBN-supported graphene devices. We present transport measurements in hBN-encapsulated de-
vices where such strain fluctuations can be in situ reduced by increasing the average uniaxial strain.
When ∼ 0.2% of uniaxial strain is applied to the graphene, an enhancement of the carrier mobility
by ∼ 35% is observed while the residual doping reduces by ∼ 39%. We demonstrate a strong cor-
relation between the mobility and the residual doping, from which we conclude that random local
strain fluctuations are the dominant source of disorder limiting the mobility in these devices. Our
findings are also supported by Raman spectroscopy measurements.
In the first generation of graphene devices, where SiO2
was used as the substrate, it is commonly believed that
random charged impurities at the substrate surface are
the dominant source of disorder limiting the device qual-
ity [1–7]. One way to improve the device quality is to
suspend graphene to spatially separate it from the charge
traps [8–12]. Nowadays, a more widely used technique is
to place graphene on hexagonal boron nitride (hBN) [13–
16], which is atomically flat and expected to be free of
surface charge traps. A significant improvement in de-
vice quality has been achieved, exhibiting very high car-
rier mobilities, enabling the observation of a series of new
physical phenomena, such as the fractional quantum Hall
effect [17–19], transverse magnetic focusing [20–22] and
various moire´ superlattice effects [23–26]. Although the
mobility of hBN-supported graphene devices is generally
higher than that of the SiO2-supported, the reported mo-
bility values vary over a large range, suggesting another
mechanism that limits the mobility. It has been pointed
out that random strain fluctuations (RSFs) in graphene
could be a dominant source of disorder leading to electron
scattering [27]. In a recent statistical study of many de-
vices on hBN substrates, a clear correlation between the
carrier mobility µ and the residual doping n0 was found,
pointing to RSFs as the dominant microscopic source of
scattering [28]. The residual doping caused by charge
fluctuations manifests in a broadening of the resistance
peak around the charge neutrality point (CNP). Similar
results have been found as well in bilayer graphene [29].
Ripples and pronounced corrugations can form nat-
urally in graphene due to its two-dimensional nature,
as, for example, demonstrated by transmission elec-
tron microscopy in suspended graphene membranes [30].
In stacked layers, microscopic corrugations can sponta-
neously form during exfoliation due to thermal fluctua-
tions at room temperature [27, 31, 32]. These corruga-
tions might persist through the fabrication processes and
give rise to RSFs in the final device. In SiO2-supported
devices, nanometer-scale ripples have been observed in
scanning probe microscopy studies [33–36] and their ef-
fects on electron transport have been reported in weak
localization studies [37–39]. Although the hBN surface is
typically much flatter, height fluctuations are still present
in hBN-supported graphene devices [13], which can result
in RSFs. These RSFs have been confirmed in Raman
spectroscopy measurements [40, 41].
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FIG. 1. Schematics of (a) the device cross section and (b)
the three-point bending setup. The bending of the substrate
is determined by the displacement of the pushing-wedge, ∆z.
(c) Illustration of the effects of reducing the strain fluctua-
tions. The arrows indicate the direction and the strength of
the externally induced strain by substrate bending mediated
by contacts.
Here we demonstrate in a direct experiment that RSFs
can be the mechanism limiting the mobility of encapsu-
lated devices. We compare the transport characteristics
of individual devices before and after increasing the av-
erage uniaxial strain, which directly reduces the strain
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2fluctuations in the same device. In Fig. 1(c) the RSFs
in graphene lattice are illustrated, which we believe can
be reduced gradually by increasing the average strain, as
indicated by the arrows. The reduction of the RSFs due
to increasing average strain is further confirmed by di-
rectly probing the RSFs using Raman spectroscopy [40].
This not only allows us to determine the dominant mi-
croscopic mechanism, but also to actually increase the
mobility of the device.
 !
"#
"!
$#
$!
#
%
&
'
(
"
)
*
+
!,-!,.!,/!,"!,!
0&'$!
$"
12
3"
+
45&'22+
&!&& &!,.
&678&& &678
'9+
45&'22+&&&&&&&&&&&&&&&&&&&&&&&!&&&&&&&&&&&&&&&&!,.
:&'$!
 
12
"
;
3$
<
3$
+&&& =,.&>&!,$&&&&# ,#&>&!, 
0
!
&'$!
$!
12
3"
+&&&&&&&&",?&>&!,!#&&&&&$,.&>&!,$&
@
1
&'A+ &&&&&&&&&&&&&.-#&>&$&&&&&&&&.?-&>&"
 !
"#
"!
$#
$!
#
%
&
'
(
"
)
*
+
3" 3$ ! $ "
;
B
&';+
$/
$"
$!
!,"!,$!
45&'22+
&!&&&& &!,$
&!,"& &!, 
&!,/& &!,#
&!,.
&
&
&
&
&
&
'C+
FIG. 2. (a) Two-terminal differential conductance G plotted
as a function of gate voltage Vg for different ∆z values. The
slope of the curves becomes steeper for larger ∆z, for both
the electron and hole side. The inset shows a zoom-in to the
hole side. (b) G versus n for two different ∆z on the electron
side. The fits according to Eq. 1 are shown as dashed lines for
∆z = 0 and 0.6 mm, respectively, with the fitting parameters
given in the table.
The setup of the experiment is shown schematically
in Fig. 1(a,b). It allows us to tune the average uniaxial
strain in hBN-encapsulated graphene devices by bend-
ing a flexible substrate [42]. The displacement ∆z of
the pushing-wedge relative to the mounting position de-
termines the deformation of the substrate and is used
to tune the average strain in the graphene. The devices
are fabricated using a dry-transfer method [16], where we
pick up a ∼20 nm thick hBN as the top layer, then an ex-
foliated monolayer graphene flake from natural graphite
and a ∼30 nm thick hBN as the bottom layer. The
assembled stack is then deposited onto a metallic gate
structure prefabricated on a polyimide-coated phosphor
bronze plate. Edge contacts [16] (Cr/Au, 5 nm/110 nm)
are made with a controlled etching recipe, which stops in
the middle of the bottom hBN, with the remaining hBN
acting as the insulating layer between the contacts and
the bottom gate [42], see Fig. 1(a).
To investigate the effects of average strain on the trans-
port characteristics of graphene, we measure the two-
terminal differential conductance G as a function of the
gate voltage Vg for different ∆z values, as plotted in
Fig. 2(a). The measurements were performed at low
temperature (T = 4.2 K) using standard low-frequency
lock-in techniques. The CNP is at Vg = 0.4 V, indicat-
ing an offset p-doping in our device. The conductance
of the graphene increases faster when gated away from
the CNP for larger ∆z, suggesting an increase in field ef-
fect mobility with increasing ∆z. This effect is reversible
when ∆z is decreased (see Supplementary Material). A
displacement of ∆z = 0.6 mm corresponds to ∼ 0.2% of
average strain, which is determined from Raman mea-
surements shown later [42]. The conductance starts to
saturate at higher gate voltages because of the contact
resistance. On the hole side (p-doping), a p-n junction
forms near each contact due to the n-doping from the
contact, resulting in a sightly larger contact resistance
and a lower saturation conductance, which renders the
mobility-change less visible. The zoomed-in data in the
inset of Fig. 2(a) shows qualitatively the same effect as
for the electron side.
To quantitatively evaluate the effects of strain tuning
on the electrical properties of graphene, we fit each curve
on the electron side (n-doping) with the following formula
based on the Drude model [7, 13]:
G =
1
α
eµ
√
n2+n20
+Rc
, (1)
where e is the elementary charge and α is the geometry
factor describing the aspect ratio, which is 1.28 in this
case (see Supplementary Material). The fitting parame-
ters are the charge-carrier density independent mobility
µ, the residual doping n0 around the CNP and the con-
tact resistance Rc. The charge-carrier density n is calcu-
lated from the applied gate voltage Vg with a lever arm
of 5.13× 1011 cm−2 V−1 using a parallel plate capacitor
model. The thickness of the bottom hBN, which is the
gate dielectric, is determined by atomic force microscopy.
Two examples of the fitting are shown as dashed lines for
∆z = 0 and 0.6 mm in Fig. 2(b) with the corresponding
parameters given in the inset.
The fitting results for µ and n0 are plotted as a func-
tion of ∆z in Fig. 3(a,b), respectively. The mobility
µ shows a clear increase with increasing ∆z, while n0
decreases significantly. The change is slower in the be-
ginning, which might be attributed to a small mechani-
cal hysteresis of the bending setup. The extracted con-
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FIG. 3. (a) Extracted field effect mobility µ and (b) residual
doping n0 values from fitting plotted as a function of ∆z on
the electron side. The error bars are the standard errors from
fits. The mobility µ shows an increase with increasing ∆z
while n0 shows a decrease. (c) Data of (a) and (b) plotted
as 1/µ versus n0, showing a clear linear relation. The red
line is a linear fit to the data with 1/µ = (0.146 ± 0.007) ×
(h/e)n0 + 1/µ0 and µ0 ≈ 110 000 cm2 V−1 s−1. The inset
shows the extracted contact resistance Rc (including ∼350 Ω
line resistance) for different ∆z.
tact resistance Rc (including ∼350 Ω line resistance) is
shown in the inset of Fig. 3(c) and is essentially un-
affected by the bending, demonstrating the mechan-
ical robustness of the device for these levels of ap-
plied average strain [42]. The mobility increases from
∼40 000 cm2 V−1 s−1 to ∼54 000 cm2 V−1 s−1 when ∆z
is increased from 0 to 0.6 mm. At the same time the
residual doping drops gradually from ∼2.7× 1010 cm−2
(∆z = 0) to ∼1.6× 1010 cm−2 (∆z = 0.6 mm). The
(µ, n0) pairs are plotted as 1/µ versus n0 in Fig. 3(c),
clearly demonstrating the proportionality between 1/µ
and n0. The same analysis is performed for the hole side
and similar results are obtained with a larger contact re-
sistance (see Supplementary Material), which is consis-
tent with the interpretation that the p-n junction makes
the effect less pronounced on the hole side.
Since the graphene is encapsulated with hBN, it is very
unlikely that the small applied average strain changes
the charged impurities at the graphene-hBN interfaces,
ruling them out as dominant mechanism for the observed
mobility increase. An artificial effect due to the change
of the gate capacitance with strain is also ruled out [42],
because the CNP appears at the same gate voltage for
all ∆z values.
RSFs have been identified theoretically as a possible
source of disorder limiting charge carrier mobility [27].
Strong evidence of this mechanism has been found in a
statistical study involving many devices, where a clear
linear relation between 1/µ and n0 was observed, with
1/µ ≈ 0.118 × (h/e)n0 [28]. Moreover, a detailed mi-
croscopic mechanism was proposed in which the varia-
tion of n0 was attributed to RSFs-induced scalar poten-
tials, while the limitation in µ was attributed to randomly
varying pseudomagnetic fields [28]. Fitting our data lin-
early in Fig. 3(c) yields 1/µ = (0.146±0.007)×(h/e)n0+
1/µ0 and µ0 ≈ 110 000 cm2 V−1 s−1. It shows a similar
slope (∼ 0.146 × (h/e)), allowing us to draw two con-
clusions. First, the charge carrier mobility is limited by
RSFs and second, the control of the average strain al-
lows us to control the RSFs and hence the mobility. The
offset 1/µ0 might imply another mobility limiting mecha-
nism when RSFs are not dominating anymore. The value
µ0 ≈ 110 000 cm2 V−1 s−1 nearly coincides with the mo-
bility of the devices, in which no mobility enhancement
due to increasing average strain is observed (discussed
later).
Theoretically both, in-plane and out-of-plane, strain
fluctuations can contribute to this effect [28]. In a
previous study of weak localization on SiO2-supported
graphene devices [39], a reduction of the phase coherence
time τφ was found for an increasing in-plane magnetic
field. It has been attributed to an enhanced dephasing
rate due to a random vector potential generated by the
in-plane magnetic field penetrating out-of-plane corruga-
tions in the graphene layer. Similar effects have been
observed in encapsulated devices [43, 44], strongly sug-
gesting that out-of-plane corrugations are also present in
encapsulated graphene. We therefore attribute the mo-
bility increase in our experiment to the reducing of out-
of-plane strain fluctuations, as illustrated in Fig. 1(c).
To further substantiate our findings, we use spatially
resolved Raman spectroscopy to directly probe the RSFs
at room temperature. For small uniaxial strain, which is
the case in our experiment, the graphene Raman 2D peak
can be fitted by a single Lorentzian [45], with a center
frequency ω2D and linewidth Γ2D. The center frequency
ω2D redshifts with increasing strain, while the linewidth
Γ2D broadens due to the splitting of the 2D peak [46, 47].
It has been shown that nanometer-scale strain inhomo-
geneities within the laser spot (∼500 nm) also broadens
the 2D peak [40], originating from averaging over regions
with different local strain and hence different ω2D. There-
fore, Γ2D can be used to probe the RSFs. We perform
spatially resolved Raman spectroscopy and extract maps
of ω2D and Γ2D for different ∆z. The mean value of
the center frequency ω¯2D averaged over the whole de-
vice is plotted as a function of ∆z in Fig. 4(a). It shifts
linearly to lower values with increasing ∆z, indicating
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FIG. 4. (a) Spatially averaged center frequency ω¯2D of the
Raman 2D peak for different ∆z, showing a linear decrease
with increasing ∆z, which suggests an increasing average
strain. (b) Spatially averaged linewidth Γ¯2D of the Raman
2D peak as a function of ∆z, exhibiting a nonmonotonic char-
acteristics with a minimum of ∼19.3 cm−1.
an increasing average strain in the graphene sheet [45].
The ∼3 cm−1 shift at ∆z = 0.2 mm corresponds to an
externally induced average strain of ∼ 0.06% [42]. In
Fig. 4(b) the averaged value of the 2D peak linewidth
Γ¯2D is plotted as a function of ∆z, showing nonmono-
tonic characteristics with a minimum of ∼19.3 cm−1 at
∆z = 0.12 mm. It first decreases with increasing ∆z be-
fore increasing again, which can be explained by the com-
petition between the two broadening mechanisms. The
initial value of Γ¯2D (∼20 cm−1) is larger than the intrin-
sic linewidth (∼17 cm−1) of the 2D peak [40], indicating
that RSFs are present in our graphene. We attribute the
decrease of Γ¯2D to a reduction of the RSFs due to the ex-
ternally applied strain, as illustrated in Fig. 1(c). When
the broadening of the 2D peak induced by the increas-
ing average strain dominates, Γ¯2D increases again with
increasing ∆z.
Our interpretation is also consistent with weak local-
ization measurements we performed to extract character-
istic scattering times (see Supplementary Material). We
find that the intervalley scattering time τiv is much longer
than the elastic scattering time τ (determined from the
mobility), implying that the mobility is not limited by in-
tervalley scattering processes (scattering on short-range
potentials, e.g. defects, edges). In contrast, the intraval-
ley scattering time τ∗ (the time needed to break the
effective single-valley time-reversal symmetry) is nearly
identical to τ , pointing to RSFs-induced random pseu-
domagnetic fields as the main factors limiting the mobil-
ity [28]. For charged impurities, it has been argued that
τ∗  τ [28], which is not the case here.
We have observed a clear increase in the mobility with
increasing average strain in more than 5 devices with
their mobility values varying from ∼30 000 cm2 V−1 s−1
to ∼80 000 cm2 V−1 s−1. In Fig. 3(a), there is also an in-
dication that the mobility starts to saturate when it ap-
proaches higher values. For the devices with a mobility
larger than ∼80 000 cm2 V−1 s−1, the mobility-increase
effect is absent. (Examples are presented in the Sup-
plementary Material). These observations suggest that
either the RSFs cannot be fully reduced by increasing
the average strain or another mechanism is at play for
ultra high mobility devices.
In conclusion, we have demonstrated an in situ re-
duction of the random RSFs in individual encapsulated
graphene devices by increasing the average strain. In
low-temperature transport measurements, an enhance-
ment of the carrier mobility by ∼ 35% is observed while
the residual doping reduces by ∼ 39% when ∼ 0.2% of av-
erage strain is applied to the graphene. The linear corre-
lation between 1/µ and n0 reveals that random RSFs are
the dominant scattering mechanism. These findings are
further substantiated by Raman spectroscopy, in which
the 2D peak linewidth Γ2D, first decreases with increasing
average strain before the average strain induced broaden-
ing dominates. The in situ straining allows us to directly
compare results on individual devices and to avoid statis-
tics over different devices. Using this technique we have
directly confirmed that random RSFs are the dominant
scattering mechanism limiting the mobility in most hBN-
supported graphene devices. For devices with even higher
mobilities, either the reduction of RSFs is not possible,
or another scattering mechanism becomes dominant.
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Geometry factor and reversibility of the strain induced mobility increase
A micrograph of the device discussed in the main text is shown in Figure S1(a). The
tapered geometry is intended for other experiments and is not relevant for the conclusions
of this study. The dimensions of the device are shown in Figure S1(b). Assuming a homoge-
neous conductivity, the graphene can then be modeled as a set of parallel strips. With this,
the geometry factor α for converting the conductance to conductivity can be calculated as:
G =
∫ W
0
σ
dx
L1 + 2x tan θ
,
where tan θ = (L2−L1)/2
W
, yielding σ = αG with α = L2−L1
W ln(L2/L1)
. Plugging the dimensions of
this device, we obtain α = 1.28.
(a)
(b) L1
x
Wθ
L2
FIG. S1. (a) Micrograph of the measured device, scale bar: 1 µm. (b) Sketch of the device for
calculating the geometry factor α, where L1 = 1 µm, L2 = 6.3 µm and W = 2.25 µm. (c) Two-
terminal differential conductance G plotted as a function of gate voltage Vg for decreasing ∆z. “b”
stands for “decrease back”. The displacement ∆z is defined relative to the mounting position, so
negative value does not mean bending in the opposite direction. The inset shows the zoom-in to
the hole side.
The two-terminal differential conductance G is also measured for decreasing ∆z, as shown
in Figure S1(c). The conductance curves around the CNP become less steep for smaller ∆z,
indicating a decreasing mobility. The change from ∆z = 0.6 mm (red curve) to ∆z = 0.4 mm
(orange curve) is very small, which can be attributed to the mechanical hysteresis of the setup
2
when we turn from increasing ∆z to decreasing ∆z. The observation of decreasing mobility
demonstrates that the mobility-increase effect presented in the main text is reversible.
Analysis of the hole side
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FIG. S2. Extracted (a) mobility µ, (b) residual doping n0 and (c) contact resistance Rc (including
∼350 Ω line resistance) from fitting plotted as a function of ∆z, respectively. The error bars are
the standard errors from fits. The mobility µ shows a gradual increase while the residual doping n0
shows a gradual decrease with increasing ∆z. The contact resistance Rc stays essentially constant.
(d) Same data as those of (a) and (b) plotted as 1/µ versus n0, showing a linear relation with a
linear fit to the data, 1/µ = (0.102± 0.005)× (h/e)n0 + 1/µ0, where µ0 ≈ 102 000 cm2 V−1 s−1.
Here we present the results of the fitting on the hole side of Figure 2a in the main text.
The extracted µ, n0 and Rc are plotted for different ∆z in Figure S2(a-c), respectively. When
∆z is increased from 0 to 0.6 mm, the mobility increases gradually from ∼45 000 cm2 V−1 s−1
to ∼54 000 cm2 V−1 s−1 while the residual doping decreases gradually from ∼2.9× 1010 cm−2
3
to ∼2.1× 1010 cm−2. The contact resistance Rc is ∼1 kΩ (including ∼350 Ω line resistance),
which is essentially constant and is higher than that on the electron side (∼680 Ω) shown
in the main text. This is consistent with a p-n junction forming near the contacts which
makes the mobility-increase effect less visible on the hole side. The (µ, n0) pairs are plotted
as 1/µ versus n0 in Figure S2(d). A linear fit yields a slope of ∼ 0.102 × (h/e) and µ0 ≈
102 000 cm2 V−1 s−1, both are consistent with the values extracted for the electron side in
the main text.
Weak localization measurements
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FIG. S3. (a) Magnetoconductivity as a function of out-of-plane magnetic field B and gate voltage
Vg measured at T = 4.2 K for ∆z = 0. A clear feature is observed around B = 0. (b) Magneto-
conductivity averaged over all traces at different Vg. The red circles represent data that have been
ensemble-averaged and the blue line is the fit to the theory of weak localization in graphene.
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To investigate the characteristic scattering times, we performed weak localization mea-
surements on the device discussed in the main text. Figure S3(a) shows the low-field magne-
toconductivity for different Vg around Vg = 1 V for ∆z = 0. A narrow dip in conductivity is
observed around B = 0, which is a signature of weak localization. Conductance fluctuations
induced by random interference are also visible, which are suppressed by ensemble-averaging
over a small Vg range around the target Vg value [1, 2]. The averaged curve obtained in this
way is shown in Figure S3(b) as red circles. We fit the data with the equation from the
weak localization theory for graphene [3]:
∆σ(B) =
e2
pih
[
F
(
τ−1B
τ−1φ
)
− F
(
τ−1B
τ−1φ + 2τ
−1
iv
)
− 2F
(
τ−1B
τ−1φ + τ
−1
iv + τ
−1∗
)]
,
where F (z) = ln(z)+Ψ(0.5+1/z), with Ψ(x) the digamma function, τ−1B = 4eDB/~ and D =
v2F τ/2. The fitting parameters are the phase coherence time τφ, the intervalley scattering
time τiv and the intravalley scattering time τ∗. The elastic scattering time τ = ∼2.6× 10−13 s
is determined from the carrier mobility and is not a fitting parameter here. The fitted curve
is plotted as blue solid line in Figure S3(b) with the results τφ = (9.9± 0.5)× 10−12 s,
τiv = (5.8± 0.6)× 10−12 s and τ∗ = (2.8± 0.2)× 10−13 s. As already stated in the main
text, τiv  τ while τ∗ is comparable to τ , implying that intravalley scattering due to local
stain fluctuations rather than charged impurities is the process limiting the mobility [1].
Raman Measurements
After transport measurements at low temperature, we perform Raman measurements at
room temperature to determine the strain if the device is still intact. The Raman setup is
separate from the transport setup and sits in ambient conditions [4]. We use the commer-
cially available confocal Raman system WiTec alpha300. All Raman spectra were acquired
using a linearly polarized laser at a wavelength of 532 nm and a power of 1 mW. The laser
spot size is ∼500 nm and the grating of the spectrometer is 600 grooves/mm.
5
Second device with mobility-increase effect
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FIG. S4. (a)Two-terminal differential conductance G plotted as a function of gate voltage Vg for
different ∆z. The corresponding carrier density is shown on the top axis. (b) Averaged center
frequency ω¯2D and (c) linewidth Γ¯2D of the Raman 2D peak plotted as a function of ∆z for the
same device.
The electron mobility of this device is around 70 000 cm2 V−1 s−1, which shows a slight
increase with increasing ∆z, as plotted in Figure S4(a). The visibility of this effect on
the hole side is suppressed by the higher contact resistance on this side and the additional
6
conductance minimum at Vg ≈ 1 V, which originates from a double moire´ superlattice effect
in encapsulated graphene when both the top and the bottom hBN lattices are aligned to
the graphene lattice [5]. In Raman measurements, the mean value of the center frequency
ω¯2D and the linewidth Γ¯2D of the 2D peak averaged over the whole device are plotted as
a function of ∆z in Figure S4(b,c), respectively. The value of ω¯2D shows a linear decrease
with increasing ∆z, indicating an increasing average strain. For Γ¯2D, it decreases first with
∆z, implying reducing of the local strain fluctuations due to increasing average strain. The
increase of Γ¯2D appears when the externally applied strain induced broadening of the 2D
peak dominates. The overall large values of Γ¯2D come from the superlattice effect [6], which
is also observed in transport measurements as shown in Figure S4(a).
Example device without strain induced mobility increase
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FIG. S5. Two-terminal differential conductance G measured as a function of gate voltage Vg for
different ∆z. The corresponding carrier density is shown on the top axis.
Here we present an example of the devices which do not show the mobility-increase
effect. The mobility values of such devices are all higher than 80 000 cm2 V−1 s−1. As shown
in Figure S5, the mobility of this device does not increase with increasing ∆z. The mobility
value is above 100 000 cm2 V−1 s−1, which is beyond the highest value of the studied range
7
in Ref. [1]. The absence of the mobility-increase effect in this device suggests that either
the strain fluctuations cannot be fully reduced by increasing the average strain or another
scattering mechanism becomes relevant for ultra high mobility devices.
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